Polarized (VV) and depolarized (VH) Raman spectra are obtained for glassy, supercooled, and molten TeO 2 at temperatures up to 1000 K in order to elucidate the temperature evolution of the pertinent structural and vibrational properties. The intrinsic tendency of the system for crystallization is avoided by means of a newly applied protocol, thereby enabling the recording of Raman spectra of pure TeO 2 on going from the molten to the supercooled liquid and to the room temperature glass states. Following an appropriate fitting procedure, the revealed bands are assigned to specific modes of structural polymorphs. A weak polarised band at ~880 cm -1 is assigned to Te=O terminal stretching in agreement with literature ab initio molecular orbital calculations. Subtle changes to the relative band intensities within the 550-900 cm -1 stretching region are caused by temperature increase. The network-like structure of the glass/melt is composed by TeO 4 trigonal bipyramid and TeO 3 trigonal pyramid units. With increasing temperature TeO 4 units convert to TeO 3 units with a concurrent increase in the number of Te=O sites resulting from cleavages within the network structure. The relative populations of the basic building blocks and the average number of O atoms around Te have been estimated for a wide temperature range directly from the Raman spectra, implying a gradual transformation of TeO 4/2 to TeO 2/2 (=O) trigonal pyramid units. The results are discussed in the context of the current phenomenological and theoretical status of the field.
INTRODUCTION
Tellurite glasses exhibit a variety of extraordinary properties, which give them potential use, such as laser hosts, pressure sensors etc [1] . Physical properties such as low melting points, high dielectric constants, high refractive index, good infrared transmissivity, higher refractive indices and dielectric constants compared to silicate and phosphate glasses, chemical durability and water resistivity have attracted the scientific and technological interest on these systems. Whereas the physical properties and the structure of the crystalline polymorphs are now understood, the situation in the case of amorphous material is different.
It is well known that glass formation of TeO 2 is enhanced by adding modifiers such as alkali oxides [1] . Any other effort to melt the pure material and quickly quench it to a glass was unsuccessful and the resulting material was quickly recrystallized. The necessary modifier concentration for glass-formation was estimated at about 10 mol%. The breakage of one edge in TeO 2 requires an oxygen atom to complete the octets of the two cations involved. The addition of a modifier supplies ions for this process. The disrupted-edge (O) ions coordinate around the modifier cation. The oxygen atoms from the added oxide play a more essential role, that of breaking an edge. In case of SiO 2 , only the distortion of the corner tetrahedral Si-O-Si angle is the necessary mechanism for glass formation. This is the reason for the easiness of glass formation of pure SiO 2 compared to pure TeO 2 .
Currently there exist a large amount of literature regarding the structural characterization of xM 2 O-(1-x)TeO 2 (M: alkali oxide, x: mole fraction) glasses with a variety of techniques [1] . However, a limited number of papers have been focused on pure TeO 2 probably due to the inherent difficulty for glass-formation. Furthermore, the temperature dependence of the Raman features and the correlation between the local structure to the main structural units have not been investigated.
In the present paper we manage for the first time to explore the temperature dependence of the Raman spectrum of the TeO 2 glass on going from the melt to the supercooled liquid and up to the room temperature glass. The data are discussed in terms of the glass local structure, the structural transformation between the main structural entities and the role of the non-bridging terminal oxygen atoms in the tellurite network, which are present even at ambient temperature.
EXPERIMENTAL
Reagent grade TeO 2 (99.99 % purity) is purchased from Alfa Aesar. The material was dried under dynamic vacuum at around 100 o C without any further purification procedure. To date, TeO 2 is considered an oxide, which can form vitreous networks only when mixed with substantial amounts of other oxides varying from 2.5-30 mol %. In the present work, we show that when taken through a suitable thermal cycle, TeO 2 will in principle form glass by itself. Small amounts (~100 mg) of crystalline tetragonal TeO 2 powder with a melting point of 733 o C was placed in dry, flamed and degassed fused-silica containers and sealed in vacuo. The dimensions of the cells were 4 mm o.d., 3 mm i.d., and ~3 cm length with a manipulation rod attached to them. All glasses/melts were transparent, clear, free of optical defects, and dust-free. The containers were placed in an electrical furnace preheated to 800 o C and kept at this temperature for a time appropriate for achieving complete fusion of the material. The homogenized bubble-free melt was then cooled at a rate of 20 o C/min to a temperature of 700 o C and the resulting viscous melt was quenched by dipping the crucible into cold water or liquid nitrogen. The obtained material was annealed in a second furnace at around 300 o C for one hour and subsequently allowed to cool at room temperature. In certain cases, heating near the glass transition temperature was adequate for "reverting" the cracks and obtaining defect-free glasses. When TeO 2 melt was quenched from a temperature of 800 o C straight to room temperature, a polycrystalline material was obtained. Several other alternative thermal cycles were performed and failed to produce glassy TeO 2 . Polycrystalline material was also obtained when quenching the melt from various temperatures between 800 o C to 733 o C, which corresponds to the melting point of the TeO 2 crystal. The quenching range from 800 o C to about 700 o C seems to be crucial for glass formation. In order to form a glass, the melt must be very viscous. This requires supercooling to a temperature appropriate for achieving the necessary flow. Furthermore, another important step is the initial heating of the starting material well above its melting point in order to remove any residual crystallinity of the network melt.
The 0.65Tl 2 O-0.35TeO 2 binary glass was synthesized by mixing the appropriate amount of TeO 2 and Tl 2 CO 3 as starting materials. Glass was obtained using the same methodology as above.
Raman spectra were excited by the linearly polarized 532 nm line of an air cooled diode-pumped CW-laser (Excelsior series, Spectra-Physics) after being passed through a notch filter to reject the Rayleigh scattering. The laser power at the sample was set at ∼100 mW. Raman spectra were recorded in a 90• geometry using a collecting lens system (90 and 150 mm FL) coupled to a monochromator (IHR-320 JY, ISA-Horiba group) and equipped with a CCD detector thermoelectrically cooled to −70 o C. The resolution of the instrument was set at 2 cm −1 for the whole set of measurements. Both polarized (VV: vertical polarization of incident laser -vertical analysis of scattered light) and depolarized (VH: vertical polarization of incident laser -horizontal analysis of scattered light) scattering geometries were employed. The temperature controller of the furnace was able to maintain the temperature during each measurement fixed, with stability better than 1 o C. A calibration procedure with the aid of a CCl 4 sample was often taking place in order to check the polarization and correct for possible drifts of the monochromator"s gratings.
RESULTS AND DISCUSSION
Vibrational modes of glass: Representative Stokes-side polarized (VV) and depolarized (VH) Raman spectra of pure TeO 2 glass are shown in Fig. 1 (a) . The Raman active vibrational modes of tellurite polymorphs present in the tellurite network dominate the spectrum in the high-(550-850 cm -1 ) and medium-frequency (300-550 cm -1 ) region corresponding to the stretching and bending modes, respectively. In the low-frequency region, the socalled Boson peak dominates the spectrum as an asymmetric band, which is present in the low-frequency Raman spectrum of amorphous solids and supercooled liquids. The maximum of the band is located in the interval 10-80 cm -1 depending on the material. Apart from the examination of the spectral features of vibrational modes, additional model independent information can be obtained by analyzing the polarization properties of scattered light. Fig. 1 (b) reports the depolarization ratio defined as the ratio of the depolarized to polarized intensity, ρ=I VH /I VV , in the full frequency range of the recorded spectra. This figure reveals that in the low-frequency region the Boson peak appears to be depolarized, while the depolarization ratio of the bending and stretching part of the spectrum is far from the theoretical limit of depolarization, namely the 0.75 value.
The prevalent hypothesis that the TeO 2 glass structure is a distorted lattice of paratellurite, which is the ground state structure of TeO 2 , seems to be doubtful [1, 3] . The suggested structural model is inadequate to explain the main features presented in the Raman spectrum of Fig. 3 . The Raman spectrum of paratellurite exhibits a band at ~395 cm -1 , which is too weak to be considered as the homologue of the much more intense band appeared at ~450 cm -1 in the spectrum of the corresponding glass. The highintensity of the band in the TeO 2 glass spectrum is related to symmetric Te-O-Te bridges made of largely covalent bonds constituting a more polymerized network compared to paratellurite lattice where the isolated TeO 2 entities are easily recognized. Furthermore, in the context of the proposed model, the short-range organization of the tellurite glass matrix can be hardly described. The Te-O separation of ~2.4 Å observed in the amorphous TeO 2 is absent in paratellurite. In our study, we will suggest that the polymerized entities present in the vapor phase of TeO 2 , are also existing in the liquid state and thus can freeze/survive in the TeO 2 glass. The intensity of the high-frequency bands in both spectra are normalized to unity. According to the Bose-like statistical description of phonons the mean number of phonons at a particular temperature is given by:
where  and B k are the Planck"s and Boltzmann"s constants, respectively. Therefore, the Stokes-side reduced Raman spectrum reads as:
where the term in the fourth power is the usual correction for the wavelength dependence of the scattered intensity. Thus, the reduced Raman intensity as a function of the frequency shift ν (cm -1 ) can be calculated in an effort to disentangle the changes brought about to the vibrational lines due to real modifications in structure from those originating from temperature effects. Fig. 2 (b) presents the corresponding reduced Raman spectra for both glasses. The lowfrequency part of the spectra is diminished after the application of the above data treatment. The use of the reduction procedure provides advances on the comprehensive understanding of the main spectral features in the spectra of TeO 2 glass and of a binary tellurite glass strongly modified by Tl 2 O.
It is widely accepted that two types of structural changes are considered in binary tellurite glasses with the addition of a network modifying oxide such as the Tl 2 O [1] . The first type is the change of a bridging oxygen (BO) to two non-bridging oxygens (NBO) by one oxygen atom of the introduced modifier as in the case of silicate glasses. The introduction of an oxygen leads to the formation of a TeO 4 trigonal bipyramid unit (tbp) with a non-bridging oxygen atom. The second type is the transformation of a TeO 4 tbp unit to a TeO 3 trigonal pyramid unit (tp), where the oxygen atoms are BO, NBO charged or NBO neutral doubly bonded to tellurium atoms . Similar results have been obtained for the tellurite glasses with other modifiers having mono-, di-, tri-and tetra-valent cations [3] . In the limiting case of 0.65Tl 2 O-0.35TeO 2 glass, where the content of the modifier is 65 %, then the tellurite structure is mainly dominated by the presence of TeO 3 tp units [43] [44] [45] . The distribution of the Raman vibrational modes of XY 3 pyramidal molecules spans the representation [4] : . Based on the above assignment, one is able to interpret the bands present in the Raman spectrum of pure TeO 2 glass. In the room temperature reduced spectrum of TeO 2 glass (Fig. 2b ) the two lowest energy peaks of the 550-900 cm -1 spectral envelope, located at 626 and 667 cm -1 , have been attributed to the stretching modes of the tbp units. The difference in their frequencies is presumably related to the two nonequivalent oxygen atoms (those at the equatorial plane and those out of the plane). Correspondingly, based on the above discussion the peaks located at 720 and 771 cm The tp units may contain terminal bonds, such as Te-O -and Te=O bonds. Ab initio molecular orbital calculations have shown that the stretching motion of the doubly bonded oxygen in the TeO 2/2 =O tp unit is expected at ~868 cm -1 [2] . Thus, it is reasonable to assume that the low intensity vibrational band at 886 cm -1 in the experimental spectra correspond to the theoretically predicted 868 cm -1 mode.
Temperature dependence of the reduced spectra: Temperature dependent studies are quite common when studying glass-forming liquids. This has proved useful because temperature variations facilitate the elucidation of structure and often structural models are proposed based on the temperature dependence of the intensity, width, polarization and frequency shifts for particular vibrational lines. The temperature dependent Raman spectra of TeO 2 in the reduced form are presented in Fig 3 in 2D (left panels) and 3D (right panels) representation, respectively in a range covering the glassy, supercooled and molten state. The temperature dependent spectra were recorded starting from the liquid to the glassy state. The key factor in this experiment was to keep the cooling rate of the melt less than 1 o C/min in order to minimize the possibility of creation of crystallization nucleus in the highly viscous liquid/supercooled liquid. The population of the energy levels involved in the scattering process is amenable to temperature and thus one should be able to disentangle the changes brought about to the vibrational lines by temperature and by alterations of local species equilibria or modifications in structure. The effect of temperature is disentangled by means of the reduction procedure and the results are presented in Fig. 3 . Apart from changes in the relative intensities of the main bands, the overall spectra and band positions remain similar to that of the room temperature glass.
The most important finding of these results is the absence of the crystallization range within the supercooled regime, namely for temperatures between glass transition (T g ) and melting (T m ) temperatures. A major disadvantage of TeO 2 glass is its tendency to crystallize when heated above T g . Thus, useful structural and dynamic information becomes inaccessible due to the intervention of crystallization within the supercooled regime. In this work, we report for the first time the Raman spectra of a prototype glass like TeO 2 in such a wide temperature range. Therefore, the selected glass forming oxide seems ideally suitable for continuously monitoring structural and dynamic changes over a temperature range including the glassy, the supercooled and the normal liquid state with the aid of Raman spectroscopy in both the intramolecular and the intermolecular regime.
The spectra display the usual temperature dependent behavior characteristic of the first-order scattering mechanism. The most evident changes occur in the high-frequency region, where the symmetric stretching bands of TeO 3 tp appear. Figure 3 also reveals that the ratio of main vibrational bands, corresponding to the TeO 4 tbp and TeO 3 tp basic structural units participating in the structure, seems to follow a rather monotonous dependence as a function of the temperature. In an effort to follow quantitatively the temperature-induced changes, a fitting procedure took place in the reduced isotropic spectra using Gaussian line profiles. The fitting was performed using the nonlinear regression method based on the Levenberg-Marquardt algorithm. Up to now, many researchers used a maximum of four band profiles based systems to account for the spectral region 550-1000 cm −1 in tellurium oxide at ambient conditions. In this work, we added one more Gaussian profile in the analysis of the spectral region of interest in order to account for the feature appearing at around 850-900 cm -1 at elevated temperatures (see Fig 3) . This band is attributed to TeO 2/2 (=O) neutral unit based on molecular orbital calculations on clusters modeling TeO 2 glass [ . Four other Gaussians have been used to account for the bending vibrational modes located below 550 cm −1 . Representative fitting examples for selected temperatures in the glassy, supercooled and liquid state are shown in Fig. 4 .
If we assume that the integrated intensities are proportional to the populations of the species involved, then a measure of the species abundance can be obtained. By adding in the stretching region the integrated intensities of the first two 626 and 667 cm -1 bands and the other two bands located at 720 and 771 cm 
The concentration ratio is presented in Fig.  5 , where the transformation between the structural units involved is gradual below T g , while above this point increases considerably. The traditional view for the structure of amorphous TeO 2 to be comprised exclusively by TeO 4 tbp units was criticized based on Raman spectroscopic findings and molecular dynamics simulations. Furthermore, a recent neutron diffraction study showed, in agreement with the above findings, that the structure of pure TeO 2 is formed from a combination of two thirds TeO 4 tbp and one third TeO 3 tp with one terminal oxygen atom in contrast with all crystalline polymorphs of TeO 2 , which are formed solely from 4-coordinated units. From the distribution of the basic structural units of the tellurite network, we are able to calculate the average coordination number, N av of Te atom in a temperature range covering the glassy, supercooled and liquid state. The results are presented in Fig. 6 , where a clear monotonous and almost linear decrease of the coordination number around Te atom is revealed. It seems that above glass transition temperature the decreasing rate is faster since the transformation of TeO 4 tbp to TeO 3 tp units is enhanced. There is a very good agreement between results from Raman, neutron diffraction [6] and MD simulation of the room temperature glass [5] .
CONCLUDING REMARKS
The present study is dealing with the structure of glassy, supercooled, and molten tellurium dioxide and the structural changes induced by temperature. Detailed polarization dependent Raman spectra have been measured from room temperature up to the molten state and the systematic relative intensity changes have been recorded and analyzed quantitatively.
The examination of the spectra and comparison with the spectra of the known crystalline allotropic forms of TeO 2 provides assignments and permits the monitoring of the temperature dependence of certain bands leading to the following conclusions (i) The intrinsic tendency of the system to crystallization can be overcome permitting accessibility and spectroscopic investigations in a wide temperature range. We took advantage from the fact that glasses that include group VIa elements, such as Te, are known to be very viscous in the liquid state and to undercool easily and we recorded for the first time the temperature dependence of the Raman spectrum of pure TeO 2 glass on going from the melt (T m~7 33 o C) to the supercooled liquid (<T g~3 25 o C) and up to the room temperature glass. (ii) The overall spectrum of the glass and melt was found to be quite different compared to that of the crystalline phases of tellurium dioxide implying structural dissimilarities. (iii) Systematic relative intensity measurements after the appropriate fitting procedure of the reduced Raman representation of the spectra revealed hidden bands in the high-frequency region and resolved bands in the bending and stretching region of the spectra. A weak intensity polarized band is resolved at ~883 cm -1 and is assigned to Te=O terminal bond frequency in agreement with ab initio molecular orbital calculations. (iv) Increasing temperature causes subtle changes of the relative intensities within the stretching region at 550-900 cm -1 and gives rise to the new band at ~883 cm Finally, this paper shows that a better understanding of the glass structure can be achieved from a detailed examination of the supercooled liquid and of the melt. The temperature effect in this region is rather drastic, pointing out structural differences and thus giving a deeper insight to the glass structure.
